A wild strain of Chaetoceros calcitrans and wild and diuron-resistant strains of Tetraselmis suecica, were exposed to the PSII inhibitor herbicides diuron and irgarol, individually and in mixtures. The effects of three concentrations of diuron and irgarol and four binary mixtures were evaluated on doubling time, relative reactive oxygen species and lipid content by flow cytometry, and on photosynthetic efficiency by pulse amplitude modulated fluorescence.
In both wild strains, significant effects were observed for each molecule at the highest concentration tested: at irgarol 0.5 μg L −1 , C. calcitrans was shown to be more sensitive than T. suecica (+52% and +19% in doubling time, respectively), whereas at diuron 5 μg L −1 , T. suecica was more affected (+125% in doubling time) than C. calcitrans (+21%). Overall, irgarol had a higher toxicity at a lower concentration than diuron (no effect at diuron 0.5 μg L Sequencing of the diuron-resistant strain demonstrated a single mutation in the psbA gene coding sequence. Although resistance of this strain to diuron was confirmed with no effect at the highest diuron concentration, no resistance to irgarol was shown. In addition, the mutant strain exposed to the strongest mixture showed a 3.5-fold increase in doubling time compared with irgarol alone, thereby supporting the hypothesis of a biochemical interaction between these two compounds.
Introduction

40
Irgarol (2-methylthio-4-tertbutylamino-6-cyclopropylamino-s-triazine) and diuron (1-(3,4 dichlorophenyl)-3,3 41 dimethyl urea) are two biocides commonly used in copper-based antifouling paints to replace TBT (Tributyltin) 42 (Manzo et al., 2006) . Diuron has also been used as an herbicide in agriculture. The use of diuron as a biocide and 43 herbicide was prohibited in France in 2008 (Directive biocide 98/8/CE and Arrêté du 21/08/2008). However, its 44 persistence in the environment means that it is still found in rivers and coastal waters. In the Water Framework 45
Directive (2000/60/EC), diuron, and later irgarol (Directive 2013/39/UE), were included in the list of "48 46 priority pollutants to be monitored in European waters", which will lead to their progressive prohibition over the 47 next 20 years. While diuron is no longer used in most European countries, it is still of great concern in other 48 countries, such as in Australia where it is known to be harmful to the Great Barrier Reef (Lewis et al., 2009 ; 49 Holmes, 2012) . In contrast, irgarol is still widely used in antifouling paints all around the world despite reports 50 of high toxicity in some studies from the U.K. Irgarol, a triazine, and diuron, a phenylurea, both act as photosystem II (PSII) inhibitors: their binding action on 62 the D1 protein in PSII prevents electron transfer between quinones Q A and Q B , impeding Hill's reaction (Nimbal 63 et al., 1996; Jones and Kerswell, 2003) . As PSII structure is very well conserved among plants and microalgae, 64 numerous non-target organisms could suffer deleterious effects if environmental pollution occurs (Readman et 65 al., 1993) . 66
Effects on phytoplankton have been recorded in a number of studies. Koutsaftis and Aoyama (2006) reported 72 67 h IC 50 values of 1.1 µg.L -1 and 36 µg.L -1 for irgarol and diuron respectively, on the growth of the microalga 68
Chaetoceros gracilis. Nyström et al. (2002) established that irgarol concentrations ranging from 441 to 647 ng.L -69 1 were responsible for 50% photosynthesis inhibition in Lake Geneva phytoplankton. Larras et al. (2013) 70 assessed the sensitivity of benthic diatoms to diuron and irgarol under both planktonic and benthic conditions. 71 Microalgal cultures were maintained in sterile f/2 and f/2-silica medium (Guillard and Ryther, 1962; Guillard, 133 1975 ) at 17 ± 1°C, in a thermostatic chamber ST5+ (POL-EKO-Aparatura For exposure experiments, cultures were grown in 60 mL sterile f/2 medium for T. suecica and f/2-Si medium 138 for C. calcitrans: cultures were inoculated using stock cultures in exponential growth phase. The initial 139 concentrations of cells were 20,000 cell.mL -1 for each species at the beginning of exposure. 140 141
Exposure experiments
142
Six-day exposure experiments were run. Preliminary experiments performed with each biocide separately 143
showed that above 0.5 µg.L -1 irgarol or 5 µg.L -1 diuron, no algal growth was observed for at least one of the 144 three strains. Each strain was therefore exposed to each biocide singly (irgarol: 0.05 (I0.05), 0.1 (I0.1) and 0.5 145 (I0.5) µg.L -1 ; diuron: 0.5 (D0.5), 1 (D1) and 5 (D5) µg.L -1 ) and to four binary mixtures of irgarol and diuron: 146 M(D5+I0.5), M(D5+I0.1), M(D1+I0.5) and M(D1+I0.1). All concentrations are expressed as nominal 147 concentrations. Only the two highest concentrations of each biocide were tested in the mixtures, as no effects 148
were expected with the lowest concentrations. Two control treatments were included in the experiments. Control 149 cultures (C) contained only microalgae and culture medium; solvent-control cultures (C S ) contained microalgae, 150 culture medium and the highest methanol concentration corresponding to either M(D5+I0.5) (0.0011% 151 methanol) or diuron 5 µg.L -1 (0.001% methanol), which are more than 700 fold lower than the maximum 152 methanol concentration recommended for algal bioassays (Abou-Waly, 2000). Five independent experiments 153 were run in order to expose the three strains to all the treatments. Cultures were carried out in triplicate (exposed 154 conditions) or in quadruplicate (control conditions). Every day, 500 µL of each culture were sampled to measure 155 cell concentrations. On the last day (day 6), when control cultures reached the end of exponential growth, a 156 further 1400 µL were sampled in each culture to assess the effects of exposures on different physiological Triplicate 50-mL cultures of T_wild and T_mutant were grown in control conditions for six days in order to 215 extract total RNA. Cells were centrifuged at 4500 g for 10 min, washed in sterile f/2 medium and re-centrifuged 216 prior to adding 1.5 mL Trizol (Ambion, Life Technologies). Total RNA was extracted according to the Trizol 217 manufacturer's instructions. RNA concentrations were determined using an ND-1000 spectrophotometer 218 (Thermo Scientific, Waltham MA, USA) at 260 nm. RNA integrity was assessed on an Agilent bioanalyzer 219 using RNA 6000 Nano kits (Agilent Technologies, Santa Clara, CA, USA), according to the manufacturer's 220 instructions. Reverse transcription was carried out with the High-Capacity cDNA Reverse Transcription Kit 221 (Applied Biosystems, Life Technologies), according to manufacturer's instructions, on 2 μg total RNA. Primers 222 (Table 1) were designed on the T. suecica D1 protein complete CDS (Genbank DQ173249) using Primer-223 BLAST NCBI tools. The protein was divided into two regions (A and B) in order to obtain PCR products 224 between 500 and 600 bp. For each T. suecica strain and primer pair, PCR reactions were performed in triplicate 225 using NEBNext High Fidelity 2X Master mix (New England Biolabs, Ipswich, MA USA) on 3 µL cDNA with 226 25 µM of primers. The thermal cycler was programmed, according to manufacturer's instructions, as follows: 227 98°C for 30 seconds for initial denaturation; 15 cycles at 98°C for 10 seconds, 65°C for 30 seconds and 72°C for 228 30 seconds; then 72°C for 5 min for the final extension. PCR products were purified with USB ExoSAP-IT PCR 229
Product Cleanup (Affymetryx, Santa Clara, CA, USA) and sequenced in a facility with a Sanger ABI 3730xl 230 (Applied Biosystems, Life Technologies), using the primers in Table 1 
Results
242
Neither methanol concentration showed a significant effect on the studied parameters (data not shown) compared 243 with the control without solvent, whatever the species and strain. The results obtained for each species/strain are 244 therefore presented without the solvent-controls. In Table 2 Like diuron, irgarol showed no significant effect at the two lowest concentrations (Table 2 ). At 0.5 µg.L -1 , a 258 significant increase of T D was demonstrated (+52 ± 3.1%, p = 0.0002); significant decreases were noticed in ϕ' M 259 and FL1 ROS , although no significant effect was found on FL1 Lipids (Table 2) . 260 On the other hand, the two other mixtures did not cause strong deleterious effects on this strain, as the only 324 significant effect was a slightly lower photosynthetic efficiency with M(D5+I0.1) and M(D1+I0.1) (Figure 4) . 325
No significant effect was detected on growth, FL1 ROS or FL1 Lipids (Table 2) 
Herbicide toxicity towards the two wild strains
331
The two microalga species were not affected in the same way by the exposure to the herbicides. Chaetoceros 332 calcitrans, when exposed to irgarol 0.5 µg.L -1 , showed an increase in T D that was 2.5-fold higher than that for 333
Tetraselmis suecica, highlighting a higher sensitivity of the diatom to irgarol. This increase corresponded to a 334 144 h growth rate inhibition of 34.3 ± 1.3% for C. calcitrans and 16.1 ± 1.4% for T. suecica (data not shown), 335
showing that for both species, 144 h EC 50 would be higher than 0.5 µg.L -1 . Exposure to diuron 5 µg.L -1 resulted 336 in a six-fold higher increase in T D for T. suecica compared with the diatom, corresponding to 144 h growth rate 337 inhibition of 17.5 ± 1.6% for C. calcitrans and 54.5 ± 4.8% for T. suecica, the latter being close to the EC 50 . In 338 comparison, EC 50 based on 72 h growth rate for Navicula sp and N. pyriformis exposed to diuron were 7. 
diuron). 369
For C. calcitrans, FL1 Lipids decrease was two-fold greater than for the cholorophyte at the highest concentration 370 (5 µg.L -1 diuron), but no significant effects were observed at lower concentrations. These results indicate that 371 diuron induced greater effects than irgarol on relative lipid content in both strains. It could be interesting to make 372 further studies on this lipid decrease, to determine and quantify which lipid classes are impacted. This would 373 provide information about the effects of such herbicides on the nutritive quality of these species, since they are 374 commonly used in aquaculture. 375
Considering growth as the most integrative parameter, C. calcitrans appeared to be more sensitive to irgarol than 376 T. suecica, which had a higher sensitivity to diuron. However, the concentrations used to assess diuron toxicity 377 were ten-fold higher than the concentrations used to test irgarol, thus illustrating how irgarol has a higher 378 absolute toxicity than diuron, whatever the microalgal species. Several studies already reported higher toxicity of 379 Regarding the effects on the coastal water microalgae T. suecica and the diatom P. tricornutum, Huertas et al. 383 (2010) demonstrated that the chlorophyte T. suecica was more tolerant of simazine (a triazine) than the diatom. 384
Another study found the triazine atrazine to be more toxic to the chlorophytes than to diatoms (Seguin et al., 385 2001) . From the data available in literature, it is still unclear whether diatoms are more sensitive to triazine than 386 other microalgae, since this sensitivity can vary depending on the herbicide (Suresh Kumar et al., 2014) and the 387 diatom species (Larras et al., 2014) . Moreover, following a study from Weiner et al. (2004) , the sensitivity of 388 microalgae could vary depending on the herbicide uptake, which is itself related to intrinsic properties of the 389 species, like biovolume or surface area. 390 391
Toxicity of single herbicides vs. mixtures in the two wild strains
392
The sensitivity of these species to the mixtures followed the same trend as the single molecules. Although 393 M(D5+I0.5) was the most toxic mixture for both species, the increase in doubling-time was four-fold higher for 394
T. suecica than for C. calcitrans. When looking at the increase in doubling-time, it appeared that T_wild was 395 more sensitive to mixtures containing diuron 5 µg.L -1 . On the contrary, C. calcitrans was more affected by 396 mixtures containing irgarol 0.5 µg.L -1 . These results corroborate the effects obtained with the single molecules. 397
Impacts on ϕ' M were within the same range for both species and revealed a similar level of toxicity than T D for 398 M(D5+I0.5), M(D5+I0.1) and M(D1+I0.5). The decrease in FL1 Lipids was almost two-fold higher for the diatom. In order to assess whether the mutation could affect strain response to another PSII inhibitor, both T. suecica 451 strains were exposed to diuron and irgarol. Unlike T_wild, which was heavily affected by diuron 5 µg.L Recently, tolerance to irgarol in marine periphyton was found to be based not on amino acid substitution, but 466 rather on increased D1 degradation (Eriksson et al., 2009 ). This latter mechanism seems to be linked to the non-467 conserved amino acid region (PEST region) involved in regulating D1 protein degradation. In any case, in the 468 present study, this region did not show any differences between the two T. suecica strains. 469
The effects of mixtures were also investigated to further examine the toxicity pattern obtained with the single 470 molecules. As expected, the wild strain was a lot more sensitive to the mixtures M(D5+I0.5) and M(D5+I0.1) 471 than the mutant strain. Regarding the wild strain, M(D5+I0.5) induced an increase in T D that was nearly six-fold 472 the increase observed in the mutant strain. Although M(D5+I0.1) induced no significant effect on T_mutant, it 473 was responsible for a 150% increase of doubling-time in the wild strain. Similar impacts were expected on the 474 mutant strain after irgarol 0.5 µg.L -1 , M(D5+I0.5) and M(D1+I0.5) exposures, because they all contained the 475 same concentration of irgarol. In fact, after M(D5+I0.5) exposure, the increase in T D of T_mutant was three-fold 476 higher than with irgarol 0.5 µg.L -1 alone. As observed to a higher extent in the wild strain, the strongest mixture 477 resulted in amplified effects in the mutant strain as compared to single molecules. This implies that even if 478 diuron alone was not toxic to the mutant strain, at 5 µg.L -1 it seemed to somehow increase the toxicity of irgarol 479 0.5 µg.L -1 . This might be the result of a synergistic effect between these two compounds, but further 480 investigations would be needed to prove this, using a wider range of concentrations in order to apply the CA 481 The mutation identified as a single nucleotide change in the psbA sequence of a T. suecica strain that was 508 resistant to diuron was effective against diuron alone, but failed to confer resistance against irgarol exposure. 509
Thus, unlike the wild strain, the mutant strain was more sensitive to irgarol. In addition, the exposure of the 510 mutant strain to the mixture containing irgarol 0.5 µg.L -1 and diuron 5 µg.L -1 , induced stronger effects on growth 511 than irgarol alone. This study, involving a comparison between a wild and a mutant strain of the species T. 512 suecica exposed to two PSII inhibitors, highlighted the fact that: i) a particular mutation was not effective to 513 induce resistance to two molecules from different chemical families; ii) a mutant strain, despite its resistance to 514 one of the molecules tested, could also be subjected to probable additive/synergistic effects; iii) biochemical 515 interactions took place inside the cells between the two molecules, which were, at least for diuron, not directly 516 
